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GENERAL INTRODUCTION 
Adenylosuccinate synthetase [IMP:L-aspartate llgase (GDP-
formlng)(EC 6.3.4.4)] catalyzes the reaction: 
IMP + Aspartate + GTP Adenylosuccinate + GDP + Pi, 
which represents the first committed step in the de novo synthesis of 
AMP from IMP (1). The enzyme also plays an important role in salvage 
and nucleotide interconversion pathway. 
Adenylosuccinate synthetase from E.coli has been extensively 
studied in cellular metabolism (1). It was purified to homogeneity in 
1976 (2) and was crystallized for diffraction studies recently (3-5). 
The enzyme consists of homodimer with a subunit molecule wight of 
48,000 (6). From kinetic studies it is generally agreed that E. coli 
adenylosuccinate synthetase possesses a fully random sequential 
mechanism (1), the nature of the intermediate formed during the 
reaction, however, is still unclear. Thus far, three mechanisms 
attempting to explain the enzyme reaction have been proposed. The 
first mechanism regards the reaction as a one-step "concerted" 
reaction, with all the substrates participating simultaneously (7). In 
the second mechanism proposed by Lieberman (8) and Fromm (9), IMP is 
considered to be phosphorylated at the C6 position by GTP, after which 
the 6-phosphoryl-IMP intermediate undergoes nucleophilic attack by the 
amino nitrogen of aspartate. The third mechanism suggests that an 
intermediate is formed in which aspartate attacks the G6 of IMP, after 
which the intermediate is phosphorylated by GTP and converted into 
products (10). Although most of the Investigations undertaken by using 
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a variety of techniques, Including kinetic studies (10), isotope 
exchange (11), positional isotope exchange (12), and nuclear magnetic 
resonance spectroscopy (NMR) (13), were designed for shedding light on 
the reaction mechanism, little is known about the enzyme-substrate 
interaction. Hampton and Chu (14) have determined by using IMP analogs 
that IMP binds to the enzyme as a dlanion, and they suggested that the 
phosphoryl group of IMP is important for both binding and catalysis. 
From enzyme product inhibition studies, it was proposed that IMP and 
aspartate could have two spatially separate binding sites on the 
enzyme (1,15). However, most of the research on adenylosuccinate 
synthetase was focused on studying the substrates and products (10-
15), little is known about the enzyme structure itself. Therefore, the 
relationship between the enzyme structure and its function (i.e., the 
essential amino acid residues in the active site of the enzyme) Is not 
clear. The reason for this dearth of information is clear from a 
cursory investigation of the literature, which shows that extremely 
small quantities of the synthetase exist in most cells (1) . In 
addition, the turnover number of the enzyme is extremely small (15). 
It was not until recently that the pur A gene of E.coll. which encodes 
adenylosuccinate synthetase, was cloned into the temperature-
Inducible, high-copy-number plasmld vector (pM0B45) (6) and the 
overproduced adenylosuccinate synthetase, which can be purified to 
homogeneity in amounts sufficient for studying the enzyme structure 
and mechanism, became possible. Furthermore, the nucleotide sequence 
of the pur A gene was recently determined (16), and these data may 
3 
provide basic information on the nature of the essential amino acid 
residues Involved in catalysis and substrate binding. 
In the present work, the results from chemical modification and 
site-directed mutagenesis of E. coll adenylosuccinate synthetase have 
been reported. It has been established that all of four cysteine 
residues in the E. coli enzyme are nonessential for enzyme activity. 
In addition, Lys^ O^ and Arg^ ?^ have been determined to locate in the 
nucleotide substrate binding site, and play important roles in 
catalysis. 
Explanation of dissertation format The dissertation is written 
in the alternate dissertation format. Each section represents a paper 
which has been submitted to a scholarly journal for publication. 
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ABBREVIATIONS 
BORAX sodium tetraborate 
DTNB 5,5'•dlthlobls-(2-nitrobenzolc acid) 
DTT DL-dlthlothreltol 
GTF guanosIne 5'-triphosphate 
Hepes 4-(2-hydroxyethyl)-1-plperazineethanesulfonlc acid 
IMP Inoslne 5'- monophosphate 
KPi potassium phosphate. 
NEH N-ethylmalelmlde 
NHR nuclear magnetic resonance 
PCMB p-hydroxymercurlbezoate 
Pipes 1,4-plperazlnedlethanesulfonlc acid 
PLP pyrldoxal 5'-phosphate 
PMSF phenylmethylsulfonyl fluoride 
PTH 3-phenyl-2-thlohydantoln 
RF-HPLC reverse-phase high pressure liquid chromatography 
Proxyl 2,2,5,5,-tetramethyl-l-pyrrolldimyloxy 
SOS-PAGE sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis 
Taps 3-{[tris(hydroxymethyl)methyl]amino)propanesulfonic 
acid 
TNB 5-thio-2-nltrobenzoate 
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SECTION I: IDENTIFICATION OF DIFFERENT CLASSES OF NON-ESSENTIAL 
SULFHYDRYL GROUPS IN ESCHERICHIA COLI ADENYLOSUCCINATE 
SYNTHETASE 
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Identification of different classes of non-essential 
sulfhydryl groups in Escherichia coli adenylosuccinate synthetase 
Qun Dong, Chandrasen Soans, Feng Liu, and Herbert J. Fronun 
Department of Biochemistry and Biophysics 
Iowa State University, Ames, Iowa 50011 
This research was supported in part by Research Grant 10546 from 
the National Institutes of Health, United States Public Health 
Service, and Grant DMB-8502211 from the National Science Foundation. 
This is Journal Paper J-13292 of the Iowa Agriculture and Home 
Economics Experiment Station, Ames, lA: Project 2575. 
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ABSTRACT 
Reaction of Escherichia coll adenylosuccinate synthetase with the 
thiol reagent 5,5'-dlthlobls-(2-nltrobenzolc acld)(DTNB) or N-
ethylmalelmlde (NEM) leads to modification of one cysteine residue per 
enzyme monomer without significant loss of enzyme activity. 
Modification of a second cysteine residue occurs under mild denaturing 
conditions (3.5 M urea), and derlvatlzatlon of this thiol followed by 
dialysis results In complete loss of enzyme activity. The remaining 
two cysteine residues react with DTNB only after treatment with 8 M 
urea. The location of the various cysteine residues In the enzyme was 
established by using [^ C^]-NEH followed by tryptlc digestion and 
radlopeptlde Isolation. The reactive cysteine has been identified as 
Cys291^  and the thiol exposed with 3.5 M urea is Cys^ ^^ . When Cys^ A^ 
was replaced by either serine or alanine, the mutant enzymes were 
found to be as active as the wild type enzyme. These findings point to 
the nonessential role of Cys^ A^ adenylosuccinate synthetase. 
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INTRODUCTION 
Adenylosuccinate synthetase [IMP:L-aspartate llgase (GDP-
formingXEC 6.3.4.4)] catalyzes the formation of adenylosuccinate from 
aspartate and IMP while converting GTP to GDP and Inorganic phosphate 
(PI) (1) . The enzyme represents the first committed step in the dâ 
novo synthesis of AMP from IMP (2) and as such plays a central role in 
purine nucleotide metabolism. 
Adenylosuccinate synthetase from Escherichia coll was first 
purified to homogeneity in 1976 (3). The purA gene of E. coll that 
encodes adenylosuccinate synthetase was cloned into the temperature-
inducible high-copy-number plasmid vector (pM0B45) (4), and the 
overproduction of the enzyme in E. coll makes studies of the enzyme's 
structure and amino acid residues Involved in catalysis and regulation 
feasible. It is now established that the enzyme from E. coll is a 
homodlmer with a subunlt molecular weight of 48,000 (4). The amino 
acid sequence has been deduced from the nucleotide sequence of the 
purA gene, and four cysteine residues are present in each subunlt (5). 
The enzyme from E. coll was recently crystallized, and preliminary X-
ray diffraction studies have been reported (6). Experiments involving 
the preparation of heavy-atom derivatives for further X-ray 
diffraction studies and nuclear magnetic resonance spectroscopy (NMR) 
investigations are now in progress. The purpose of the present study 
was to establish the status of the thiol groups in the protein that 
are Important for our future NMR and X-ray diffraction studies. In 
addition, it had been reported that the sulfhydryl groups from some 
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eucaryotlc adenylosuccinate synthetases are essential to enzyme 
activity (7,8). Because of the lack of Information on the reactivity 
of the cystelnyl residues of the procaryotlc enzyme, the experiments 
reported In this paper were undertaken. Our experimental results 
present evidence that there are three classes of cysteine residues in 
the E. coll enzyme. Two of the cystelnyl residues,Cys^ l^ and Cys^ A^ 
seem not to be essential for catalytic activity as determined from 
chemical modification and site-specific mutagenesis studies. 
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MATERIALS AND METHODS 
Chemicals N-ethyl [2,3-^ C^] maleimlde (8.4 mCi/mMol) was 
purchased from Amersham. DTNB^  was obtained from Calblochem. Trypsin 
from bovine pancreas was from Boehrlnger Mannheim Blochemlcals. NEM, 
3-maleImldo-PROXYL, DTT, PMSF, BORAX and bovine serum albumin were 
obtained from Sigma. Cyanogen bromide was a product of Aldrlch. 
Trlfluoroacetlc acid was obtained from Fisher Scientific Company. 
Other chemicals obtained from commercial sources were of reagent 
grade. 
Preparation of Adenylosuccinate Synthetase Adenylosuccinate 
synthetase was Isolated from E. coll by using previously published 
procedures (4). The purified enzyme was dlalyzed against 100 mM 
potassium phosphate buffer, containing 1 mM EDTA (pH 7.0), at 4*C. The 
concentration of purified adenylosuccinate synthetase was determined 
spectrophotometrlcally by using the Bio-Rad protein assay (9) with 
crystalline bovine serum albumin as the standard. The concentration of 
the enzyme refers to enzyme monomer. 
Activity Assay Activity assays (1) were performed at 25®C in 20 
mM Hepes buffer, pH 7.7, containing 1 mM MgCl2, 5.0 mM L-aspartate, 
150 pM IMF, and 60 fM GTP. Enzyme activity was measured 
spectrophotometrlcally by monitoring the increase in absorbance at 280 
nm accompanying the conversion of IMP to adenylosuccinate (A(280"ll ? 
X 10*cm2/Mol) (2). 
Reaction of adenylosuccinate svnthethase with DTNB Freshly 
prepared adenylosuccinate synthetase was incubated with DTNB in 0.1 M 
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Trls-HCl, pH 8.0, containing 1 mM EDTA. Under denaturing conditions, 
the buffer contained either 3.5 M or 8 M urea. The reaction was 
followed spectrophotometrlcally at 412 nm. A value of 13,600 M'^ cm"^  
was used as the molar extinction coefficient for the 5-thlo-2-
nltrobenzoate anion (TNB) under nondenaturlng conditions and 14,290 M' 
Icm'l for the anion under denaturing conditions (10). An aliquot (5 
/il) of adenylosuccinate synthetase was added to the buffer mixture, 
and the reaction begun by adding DTNfi. Five ^ 1 0.1 M potassium 
phosphate buffer (1 mM EDTA), pH 7.0, Instead of the enzyme was used 
as a control. 
Reaction of Adenylosuccinate Synthetase with NEM: Nondenaturlng 
conditions Enzyme (4.8 mg) was added to [^ C^]-NEM (8.5 pmoles), which 
had been diluted with unlabeled reagent to give a specific activity of 
900 cpm/nmol. The reaction was carried out in 0.1 M potassium 
phosphate buffer, pH 7.0, at 30'C for 1 h. The reaction was quenched 
by adding DTT (50 mM final concentration), and the solution was 
Incubated at room temperature for 15 mln. The sample was made 6 M in 
urea by adding solid urea, and the unreacted radiolabelled NEM was 
removed by dialyzing against 0.1 M NH4HCO3 containing 6 M urea and 1 
mM DTT overnight. Other sulfhydryl groups in the protein were 
alkylated with 20 mM unlabeled NEM at 30*C for 1 h. 
Reaction of Adenylosuccinate Synthetase with NEM: Denaturing 
conditions Enzyme (4.0 mg) was made up in 3.5 M urea by adding solid 
urea and incubated at room temperature for 10 mln. The denatured 
protein was reacted with ^^ C-NEM (8 pmoles) at 30 °C for 1 h, after 
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which the sample was dlalyzed overnight against 0.1 M NH4HCO3, 
containing 6 M urea and 1 mM DIT. 
Trypsin Digestion of adenylosuccinate synthetase The ^ C^-NEM-
modified enzyme was dlalyzed against 3 M urea and 0.1 M NH4HCO3 for 2 
h and then against 0.25 M urea and 0.1 H NH4HCO3 for 4 h. Tryptic 
cleavage was performed by adding 5 trypsin in 1 mM HGl and 18 mM 
CaCl2 and incubating the sample at 37 °C for 16 h. The tryptic 
cleavage reaction was quenched by adding 3 mM PMSF (11). 
Cyanogen Bromide Cleavage of adenylosuccinate synthetase 
Lyophillzed adenylosuccinate synthetase was dissolved in 70% formic 
acid at a protein concentration of 4 mg/ml. CNBr was added (Met/CNBr 
ratio - 1/150 mol/mol), and the solution was stirred for 16 h in the 
dark at room temperature. After this time, a 75-fold excess of CNBr 
was added, and the solution was stirred as above for 4 h. After 
incubation, the solution was diluted 4-fold with water and 
lyophillzed. Water was added again, and the lyophillzation repeated 
(12,13). 
Peptide Separation on Bio-gel P-6 Columns Tryptic peptides were 
applied on Bio-gel P-6 column (1.0 X 117 cm) that had been 
equilibrated with 100 mM NH4HCO3 containing 0.25 M urea. The flow 
rate was 1 ml/10 min. Radioactive fractions were pooled and 
lyophillzed (14). 
Reverse-Phase HPLC Separation of Peptides The tryptic peptides 
or CNBr cleavage peptides were separated and purified on a p Bondapak 
C-18 column (300 X 3.9 mm inner diameter) with 0.1% trlfluoroacetlc 
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acid as the mobile phase (buffer A) and 0.08% trlfluoroacetlc acid In 
acetonitrlle as the organic modifier (buffer B) by using a Waters 
Model 510 Liquid Chromatography system equipped with a Lambda Max-
Model 481 LC Spectrophotometer. The gradient used was: 0-30 mln, 0-
50% B; 30-40 mln, 50-100% B at a flow rate of 1.0 ml/min. The peptides 
were visualized by measuring the absorbance at 220 nm. 
Radioactivity Measurements After separation by HFLC, the samples 
(0.1 ml) were counted in a 10-ml Ecolume liquid scintillation cocktail 
by utilizing a Tm-Analytic liquid scintillation counter. Counting 
efficiency with use of a wide window was 98%. 
Sequence Determination The determinations of the amino acid 
sequences of the peptides were performed by automated Edman 
degradation, using the 470A sequencer at the Protein Structure 
Facility, University of Iowa. In these studies, which were carried out 
by Dr. A. Bergold, the entire amino acid sequences of the cysteine 
containing radioactive peptides were determined. 
Spin-labeling and NMR measurements Adenylosuccinate synthetase 
was spin-labeled with the 3-maleimldo-FROXYL by adding the reagent 
(10-fold excess) to the enzyme solution in 50 mM Trls-HCl buffer, pH 
7.5. The solution was incubated at room temperature in the dark for 2 
h, after which the unreacted reagent was removed by exhaustive 
dialysis against 5 mM BORAX buffer, pH 7.5, containing 0.1 mM KCl. 
The efficiency of the spin-labeling procedure was checked by reacting 
the spin-label-modified enzyme with DTNB and by electron paramagnetic 
resonance (EPR) measurements, EPR measurements were conducted at 20°C 
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with a Bruker ER 200D-SRC spectrometer operating at 9.77 GHz. Samples 
for EFR experiments (25 fil) contained 40 /M free spin-label reagent or 
40 fiH spin-labeled enzyme, in 5 mM BORAX buffer, pH 7.5, containing 
0.1 mM KCl in 1.5-mm quartz glass capillary tubes. Samples for NMR 
spectroscopy contained 100 fM enzyme in 0.5 ml D2O containing 5 mM 
BORAX, pH*7.5, 0.1 mM KCl, 0.2 mM MgCl2, and 5 mM GTP. The NMR 
measurements of the proton relaxation rates were made at 300 MHz by 
using a Bruker WM-300 Nuclear Magnetic Resonance spectrometer (15). 
Proximity of the spin-label site and the substrate binding site 
The distance between the substrate binding site and the Class I 
sulfhydryl group on the enzyme was investigated by measuring the 
effect of the spin label on the spin-lattice relaxation rate of the H8 
proton of GTP using the following equation (16): 
r (Â) - 539|f Tip Fi(rc)|V6 (1) 
where r (A) is the distance between the two sites, f is the mole 
fraction of nuclei bound, and Txp is the paramagnetic contribution to 
the longitudinal relaxation time which can be determined according to 
the equation: 
1/Tlp - 1/Ti(spin) - 1/Ti(enzyme) (2) 
in which 1/Tip(spin) is the longitudinal relaxation rate in the 
presence of the spin-label enzyme and 1/Ti(enzyme) is the longitudinal 
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relaxation rate In the presence of native enzyme, and 
3r 7f, 
c 
1 c so 
The correlation time Tq can be determined by the equation (17): 
To - 6.5 X 10-10 X AHo(yh(o)/h(-l) - 1) (4) 
where h(-l), h(o) are the heights of the high-field and central lines 
of the EPR spectrum, respectively. Hq Is the llnewldth of the central 
line In gauss. The constant factor In this equation Is derived from 
the known nltroxlde hyperflne g-value anisotropics. 
SDS-polvacrvlamlde i^ el electrophoresis SDS-polyacrylamlde gel 
electrophoresis was carried out by using the procedures of Ornsteln 
(18) and Davis (19) as modified by Thalacker and Nllsen-Hamllton (20). 
Site-directed mutagenesis A 1.6 kilobase Hind III fragment of 
pMS204 containing a part of the adenylosuccinate gene was ligated into 
the Hind III site of pUCllS. The ligation mixture was used to 
transform competent TGI cells. Colonies were isolated from LB plates 
containing 40 ng/ml amplclllln. Nine colonies were chosen and plasmld 
was Isolated from each colony and digested with EcoRl and Hind III. A 
plasmld of the proper size and orientation was used for DNA sequencing 
and site-directed mutagenesis. 
The following oligonucleotides were prepared (a) mutagenic 
oligonucleotide, dTAAGCCACGG*AGAGTTTAA. This had a G->C base pair 
change which substituted a Cys at residue 344 in the wild type 
adenylosuccinate synthetase with a Ser. (b) mutagenic oligonucleotide, 
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dTAAGCCACGG*C*GAGTTTAA. This oligonucleotide had a two base pair 
change which substituted Cys^ ^^  with an Ala. (c) sequencing 
oligonucleotide, dAGACCAGCCGGA. This oligonucleotide primes 80 
nucleotides upstream from the first nucleotide in the mutagenic 
oligonucleotide. Sanger sequencing was performed using the mutagenic 
oligonucleotides as primers (21). Oligonucleotide (a) annealed to only 
the desired site as seen by the clear and unambiguous sequencing 
results. Site-directed mutagenesis was accomplished by the method of 
Nakamaye and Eckstein (22). The presence of the mutation was confirmed 
by DNA sequencing. Oligonucleotide (b) did not anneal well to the wild 
type Hind III fragment inserted in pUCllS but it did anneal well to 
the fragment with the Ser mutation, hence the Ala mutant was prepared 
using the fragment with the Ser mutation as the template strand and 
oligonucleotide (b) as the primer. DNA sequencing confirmed the 
presence of the Ala mutant. The Hind III fragments encoding the Ser 
and the Ala mutations were each cloned back into pMS204 and the 
resulting plasmids were designated pCSlOO and pAlal respectively. TGI 
cells were transformed using these mutant constructs. Colonies were 
selected from LB plates containing chloramphenicol (26 pg/ml). Plasmid 
was prepared by the method of Birnboim and Doly (23) from a few of the 
colonies obtained after transformation, and a colony containing a 
plasmid with the correct orientation and size (as confirmed by 
digestion with EcoRl and Hind III) was used as a source of each of the 
mutant forms of the enzyme. The mutant forms of adenylosuccinate 
synthetase were purified using protocols identical to those reported 
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for the wild-type enzyme (2). The mutant enzymes were analyzed for 
cystelnyl residues using DTNB after exposure to 8M urea. The absence 
of a single cystelnyl residue In the mutant enzymes was confirmed by 
this chemical analysis. 
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RESULTS 
Reaction of the Class I sulfhvdrvl group of adenylosuccinate 
synthetase with DTNB Incubation of adenylosuccinate synthetase with 
OTNB at pH 8.0 and 25'C resulted in a rapid release of TNB from the 
reagent. The addition of DTNB (63 /iM) to adenylosuccinate synthetase 
(1.46 (M subunit) caused an instantaneous increase in the absorbance 
at 412 nm (data not shown), followed by a nonreactive phase. The fast 
phase of the reaction corresponded to the release of 0.98 mol of 
TNB/mol of enzyme subunit. The highly reactive cysteinyl residue of 
the E. coll enzyme is designated as a class I cysteine, whereas less 
reactiye cysteinyl residues are designated as class II or class III 
cysteines (see below). The modified adenylosuccinate synthetase showed 
no significant loss in activity as compared with the native enzyme 
(Table I). 
Assignment of the Class I cvstelnvl residue In adenylosuccinate 
synthetase To identify the Class I sulfhydryl groups in the primary 
structure, the enzyme was modified with ^ C^-NEM and then treated with 
unlabeled NEH under denaturing conditions (6 M urea). After the 
treatment, the enzyme was digested with trypsin. The tryptlc peptides 
were separated by Bio-gel P6 column chromatography. Only one 
radioactive peak could be observed in the elution profile (data not 
shown). The radioactive fractions were then collected and 
concentrated. For further purification, the radioactive sample was 
added to a C-18 reverse-phase HPLC column. One sharp peak containing 
the radioactivity was eluted at about 34 mln (data not shown). The 
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Table 1 The Effect of Thiol Group Modification on Adenylosuccinate 
synthetase activity* 
Treatment Specific Activity(IU/mg) 
Class I Cysteine Class II Cysteine 
Control 1.56 1.47 
NEM-modlfled 1.30 0 
T^he enzyme (9.5 nMol) was Incubated with 90 Moles of NEM in 100 
mM potassium phosphate, pH 7.0, and 1 mM EDTA at room temperature for 
1 h. After assay of the enzyme activity, solid urea was added to give 
a urea concentration of 3.5 M, and the solution was permitted to stand 
at room temperature for 10 mln. An additional 90 Moles of NEM in 3.5 
M urea were added to the reaction mixture, and incubation was 
continued at room temperature for 1 h. The mixture was then dialyzed 
against 100 mM potassium phosphate, pH 7.0, 1 mM EDTA for 12 hours in 
a rocking dlalyzer at 4 "C. The enzyme activities were checked as 
described in "Materials and Methods". Control samples were treated 
exactly like the experimental enzyme except that NEM was omitted from 
the reaction mixture. 
20 
radioactive peak was Isolated, rechromatographed, and subjected to 
total sequence analysis. The ^ C^-NEM peptide had the sequence Val-Gly-
Ala-Gly-Pro-Phe-Pro-Thr-Glu-Leu-Phe- Asp-Glu-Thr-Gly-Glu-Phe-Leu-X-
Lys, with X corresponding to cystelne-291 In the E. coll 
adenylosuccinate synthetase sequence (5). 
Identification of Class II cysteines in adenylosuccinate 
synthetase When the enzyme was modified with DTNB in the presence of 
3.5 H urea, approximately two SH groups per enzyme subunit could be 
modified (Table II). The newly appearing less reactive cysteine 
residue is therefore designated as a class II cysteine. Further 
evidence supporting the presence of the class II cysteine in 
adenylosuccinate synthetase came from the results of NEH chemical 
modification experiments. When the enzyme was reacted with ^ Re­
labeled NEM in the presence of 3.5 M urea and digested with trypsin, 
a new radioactive peak, which had a ratio of 1:1 to that of cys^ l^ 
(Figure lA), could be observed in the HPLC elution profile. This 
radioactive peptide was Isolated by reverse-phase HPLC, (Figure IB) 
and the entire amino acid sequence was determined. The sequence of the 
peptide is Leu-X-Val-Ala-Tyr-Arg. The X in this peptide corresponds to 
Qys344 the enzyme sequence (5). 
To check the relationship between the class II Cys^ ^^  and 
enzymatic catalysis, the adenylosuccinate synthetase was modified with 
NEM in the presence of 3.5 M urea, and the free NEH was removed by 
dialysis against buffer. As shown in Table I, modification of the 
class II thiol leads to complete loss of enzymatic activity. When the 
21 
0.3 
• 10 
w 0.2 
a 
0.1-
20 
Time (min) 
30 
0.08 
I 0.06 
1 
8 
 ^0.04 
« 
S 
S 0.02-
< 
40 20 
Time (mln) 
30 
Figure 1. HFLC profiles of tryptic digests of [^ G^]-NEM-labeled 
peptides containing Class I and Class II SH groups from 
denatured adenylosuccinate synthetase. The reaction was 
carried out with radioactive NEM as described in "Materials 
and Methods". The labeled protein was digested with trypsin 
and subjected to HPLC separation as indicated in "Materials 
and Methods", The solid line shows absorbance at 220 nm, and 
the dashed line indicates the radioactive peak. (A) 
represents the initial chromatography, and Peak I and peak 
II show the peptides containing Class I and Class II SH 
groups, respectively. (B) shows the rechromatography, and 
the radioactive peak indicates the peptide containing the 
Class II SH group. 
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Table II Titration of free sulfhydryl groups of adenylosuccinate 
synthetase with DTNB 
Conditions Thiol-group content (mol of SH/subunit) 
Native Enzyme 0.98 
In 3.5 M Urea 2.06 
In 8 M Urea 4.05 
enzyme was treated with urea, but not modified with NEM, full enzyme 
activity was retained. 
Identification of the class III cysteine residues in 
adenylosuccinate synthetase The DNA sequence analysis of 
adenylosuccinate synthetase indicates the presence of four cysteine 
residues in the protein (5), and the possibility that a disulfide bond 
exists in the enzyme cannot be excluded. To test this possibility, the 
enzyme was titrated with DTNB in 8 M urea (Table II). The result 
showed, however, that two additional cysteines became accessible to 
DTNB, thus excluding the possibility of the existence of the disulfide 
bond in the enzyme. 
Further evidence that supports the nonexistence of a disulfide 
bond came from the results of a cyanogen bromide cleavage experiment. 
Adenylosuccinate synthetase was modified with ^ C^-NEM under denaturing 
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conditions (8 M urea) and then cleaved by CNBr. The radioactive peaks 
were isolated by HPLC. The elutlon patterns of the CNBr fragments are 
shown in Figure 2. Two radioactivity peaks with the radioactivity 
ratio of 1:3.5 were observed. This result agrees with the DNA sequence 
analysis results, which show that the cys^ l^, cys^ ®^, and cys^ A^ are 
in the same CNBr cleavage fragment, whereas cys^ ®^  is found in another 
fragment. The two samples from the two radioactive peaks were resolved 
by SDS-polyacrylamide-gel (Figure 3) and show that the sample from the 
major radioactive peak has a greater molecular weight than that from 
the minor peak. In addition, both samples were different from the 
native enzyme. These findings indicate that there is no disulfide bond 
in adenylosuccinate synthetase. 
Site-directed Mutagenesis Studies of Cvs^ È^ Modification of 
Gys344 by NEM caused a complete loss of enzyme activity (Table I). 
This loss of activity may be due to direct involvement of Cys^ A^ at 
the active site of the adenylosuccinate synthetase, Involvement of 
Cys344 at- an essential site other than the active site, or to 
alteration of the native conformation induced by the chemical 
modification. In order to make a choice from among these 
possibilities, site-directed mutagenesis experiments were undertaken 
in which Cys^ A^ was replaced by either a seryl or an alanyl residue. 
The mutant enzymes were Isolated using protocols identical to those 
described for the wild type enzyme. It was observed that there are no 
significant alterations in the kinetics (specific activities and 
Michaelis constants) of adenylosuccinate synthetase among the wild 
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20 
Time (min) 
Figure 2. HPLC profiles of CNBr cleavage of [^ C^]-NEM labeled 
adenylosuccinate synthetase. The reaction was carried out as 
described in "Materials and Methods". The bold line shows 
absorbance at 220 nm, and the dashed line indicates the 
radioactive peaks. 
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Figure 3. A photograph of the SDS-polyacryanlde gel comparing the 
native enzyme(C) and two CNBr cleavage fragments (B-major 
CNBr cleavage fragment; A-minor CNBr cleavage fragment). 
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type and mutant enzyme forms. These findings strongly suggest that 
Cys344 £g not essential for the catalytic functioning of 
adenylosuccinate synthetase. A comparison of the alanine mutant and 
the wild type enzyme indicates that Cys^ ^^  probably does not play a 
structural role, through hydrogen bonding, in adenylosuccinate 
synthetase. These site-directed mutagenesis studies lead to the 
conclusion that reaction of Cys^ ^^  with NEM causes enzyme inactivatlon 
because the modified enzyme is unable to assume its native 
conformation after removal of urea by dialysis and not because Cys^ ^^  
is either involved in catalysis directly or is required to maintain 
the structure of the native enzyme. 
Determination of the distance from Cvs^ i^ to the GTP bindlnp site 
of adenylosuccinate synthetase To estimate the distance between the 
highly reactive cysteine residue (Cys^ l^) and the active site of the 
enzyme, adenylosuccinate synthetase was labeled with the spin-label 
reagent, 3-malelmido-PROXYL. There is no significant Increase in the 
absorbance at 412 nm when the modified enzyme reacted with DTNB, 
indicating that the reactive cysteine was blocked by the spin-label 
reagent (data not shown). The spin-labeled enzyme exhibited no 
significant change in specific activity as compared with the native 
enzyme. In order to further verify that the spin-label is indeed 
covalently linked to the enzyme, EPR experiments were also conducted. 
The EPR spectra of the free 3-maleimldo-PROXYL and the spin-labeled 
enzyme are shown in Figure 4. It can be seen from the spectra that 
the spin label molecule is strongly immobilized when it bound to the 
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enzyme (Figure 4, spectrum B). Assuming that T2e ~ ^ le " ^c (24), the 
correlation time calculated according to equation 4 is 4.1 X 10*^  s. 
In order to measure the effect of spin-labeled adenylosuccinate 
synthetase on the spin-lattice relaxation rate of the protons of the 
substrates using NMR protocols, temperature dependent experiments were 
carried out. The experimental results showed that the H8 proton of 
GTP is in fast exchange while those of IMF are exchange limited (data 
not shown). The effect of the spin-labeled enzyme on the H8 proton of 
GTP was measured by using a 300-MHz NMR spectrometer (5). There was, 
however, no significant change (<10%) in the T^  value of the proton 
when 100 iM spin-labeled enzyme (monomer) and 5 mM GTP were used. The 
calculated value for f T^ p is 0.18, assuming a dissociation constant 
of 10 X 10"* M for the GTP enzyme complex (25). Using the correlation 
time obtained from the nitroxlde EFR spectrum, the distance between 
the nitroxide function and the GTP binding site is > 9.8 Â, indicating 
that Cys291 is not in or near the GTP binding pocket. This result 
suggests why modification of Cys^ l^ with either NEM or DTNB does not 
affect the activity of adenylosuccinate synthetase. 
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10 G 
Figure 4. EPR spectra of (A) 3-maleimido-PROXYL and (B) the spin-
labeled adenylosuccinate synthetase. The central frequency 
is at 3975 G. The experimental procedures are described 
under "Materials and Methods". 
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DISCUSSION 
Adenylosuccinate synthetase has been Isolated from a variety of 
sources, including bacteria (26), eucaryotic microorganisms (27), 
plants (28), and mammalian cells (29). A few investigations on the 
thiol groups of the eucaryotic enzyme have been carried out. It was 
found that the enzyme from Yoshida sarcoma ascites tumor cells can be 
inactivated by Hg2+ even at very low concentrations (2 /iM). This 
inhibition could be reversed by the addition of dithiothreitol in 
large excess. Inactivation of the enzyme could also be observed when 
PCMB, the sulfhydryl group specific chemical modification reagent, was 
used to modify the enzyme. On the basis of these observations, 
Matsuda et al.(8) concluded that cysteine residues are essential for 
the catalytic activity of the enzyme. The involvement of the 
sulfhydryl groups in the enzyme activity has also been confirmed by 
chemical modification studies of the rabbit skeletal muscle enzyme 
(7). In these experiments, Muirhead and Bishop (7) showed that the 
enzyme could be completely inactivated when incubated with DTNB. 
There is also evidence, however, that indicates that sulfhydryl 
groups may not be directly Involved in the active site of the enzyme. 
For example, the enzyme from rat skeletal muscle can be inhibited only 
30% even when the PCMB concentration is as high as 0.2 mM (30). The 
amino acid sequence of the E. coll enzyme has been deduced from its 
DNA sequence, and four cysteine residues have been reported in each 
enzyme subunit (5). Our experimental data showed, however, that only 
one of the four cysteine residues in the subunit of the native enzyme 
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can react readily with sulfhydryl group modification reagents (Figure 
1). This highly reactive cysteine residue is therefore classified as 
a class I cysteine of the E. coll enzyme. Unlike the situation in the 
tumor cell enzyme and the skeletal muscle enzyme, modification of the 
class I cysteine residue of E. coll adenylosuccinate synthetase with 
DTNB or NEM had no effect on the enzyme activity. This result 
indicates clearly that the class I cysteine residue in the E.coll 
enzyme is not involved in enzyme catalysis. 
When the E. coll enzyme was spin-labeled with an analog of NEM 
and Investigated by using NMR techniques, it was found that the 
distance between the class I cysteine residue and the substrate 
binding site in the enzyme is greater than 9.8 A. This result 
provides further evidence that the highly reactive cysteine residue in 
the E. coll adenylosuccinate synthetase is not at the active site and 
Is not essential for catalytic activity. The observation that Cys^ l^ 
is not in close proximity to the active site and when modified does 
not affect the enzyme activity, makes it a valuable site for 
covalently bound reporter groups. 
The other three cysteine residues that showed no reactivity to 
the thiol group modification reagents in the native enzyme seem 
located either inside the enzyme molecule or in a region that is not 
accessible to chemical modification. Among the three cysteine 
residues, Cys^ A^ seems more sensitive than the other two residues to 
the modification reagents. For example, in the presence of 3.5 M 
urea, the tryptic fragments showed two major radioactive peaks 
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containing and Cys^ ^^  in a ratio of 1:1. Under complete 
denaturing conditions (8 M urea), the other two cysteine residues 
became accessible to the thiol reagents. According to their 
accessibilities to the chemical modification reagents, we defined 
Gys344 as a class II cysteine residue and, the other two residues 
(Cys^ OS and Cys^ ®^), as class III cysteine residues. 
The difference between the class I, class II, and class III 
cysteine residues in the E. coll adenylosuccinate synthetase may be 
due to their different locations in the spatial structure of the 
enzyme. It is noteworthy that the spin label, although associated 
with a readily accessible thiol (Cys^ l^), is highly immobilized as 
suggested from its ESR spectrum. One possible explanation of these 
findings is that Cys^ *! is in fact a surface residue; however, it is 
located in a cleft, deep enough to cause restricted motion of the 
maleimido-PROXYL spin label. The class III cysteine residues are 
either deeply embedded in the adenylosuccinate synthetase molecule or 
are not readily available to covalent modification. The results of 
this report show that when Cys^ A^ ig modified by either NEM or DTNB, 
adenylosuccinate synthetase is completely inactivated. Observations of 
this kind lead to one of two conclusions. Either the modified residue 
is within the active site or at a critical locus of the enzyme, and 
its alteration gives rise to enzyme inactlvatlon, or that the modified 
enzyme is incapable of folding into its native conformation. The 
results of our site-directed mutagenesis studies In which Cys^ ^^  was 
replaced by either serine or alanine allows us to make a choice from 
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among these possibilities. These findings imply that Cys344 gn 
essential residue only in the sense that Its modification causes 
enzyme inactivation, i.e., it does not seem to play a dynamic role in 
enzyme catalysis. 
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ABSTRACT 
Incubation of adenylosuccinate synthetase from Escherichia coll 
with low concentrations of pyrldoxal 5'-phosphate (PLP) resulted In a 
rapid loss of activity (85%), concomitant with the formation of a 
Schlff base. The Inactlvatlon of the enzyme by PLP Is apparently first 
order with respect to PLP. The pseudo-first-order rate constant, Kgpp, 
showed a hyperbolic dependence on the concentration of PLP, Indicating 
that a klnetlcally significant PLP«enzyme Intermediate Is formed 
during the Inactlvatlon process. Stolchlometry and peptide Isolation 
studies showed that two lysine residues were modified during reaction 
of the enzyme with PLP. The three substrates of adenylosuccinate 
synthetase (GTP, IMP, and aspartate) showed different effects In their 
ability to protect the enzyme against PLP Inactlvatlon. Complete 
protection of the enzyme against Inactlvatlon can be observed only In 
the presence of high concentrations of GTP. One lysine residue was 
protected under these conditions. In contrast to GTP, addition of the 
other two substrates either alone or together to reaction mixtures did 
not render protection. Peptide mapping by digesting the enzyme with 
trypsin revealed that the lysine shielded by GTP is Lys^ ^^  Replacing 
the Lys^ ®^ with Ile^ O^ by site-directed mutagenesis resulted in total 
loss of the activity. These results suggest that Lys^ ^^  may play an 
important role in enzymatic activity. 
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INTRODUCTION 
Adenylosuccinate synthetase [IMP:L-aspartate llgase (GDP-forming) 
(EC 6.3.4.4)] catalyzes the reaction: 
IMP + Aspartate + GTP Mg2t Adenylosuccinate + GDP + Pi, 
which is the first committed step in the conversion of IMP to AMP 
during de novo purine biosynthesis. The enzyme also plays an important 
role in salvage and nucleotide Interconversion pathways (1). 
Adenylosuccinate synthetase has been well characterized from 
different species and tissues (1). The enzyme from Escherichia coll 
was first purified to homogeneity in 1976 (2) and was recently 
crystallized (3). It is now established that the enzyme from E. coll 
is a homodimer with a subunit molecular weight of 48,000 (4). It is 
generally agreed that adenylosuccinate synthetase possesses a fully 
random sequential mechanism (1), but the nature of the intermediate 
formed during the reaction is still controversial. Thus far, three 
mechanisms attempting to explain the enzyme reaction have been 
proposed. The first mechanism regards the reaction as a one-step 
"concerted" reaction, with all the substrates participating 
simultaneously (5). In the second mechanism proposed by Lieberman (6) 
and Fromm (7), IMP is considered to be phosphorylated at the C6 
position by GTP, after which the 6-phosphoryl-IMP intermediate 
undergoes nucleophlllc attack by the amino nitrogen of aspartate. The 
third mechanism suggests that an intermediate is formed in which 
aspartate attacks the C6 of IMP, after which the intermediate is 
phosphorylated by GTP and converted into products (8). Although most 
40 
of the investigations undertaken by using a variety of techniques, 
including kinetic studies (8), isotope exchange (9), positional 
isotope exchange (10), and nuclear magnetic resonance spectroscopy 
(NMR) (11), were designed for shedding light on the reaction 
mechanism, little is known about the enzyme-substrate interaction. 
Hampton and Chu (12) have determined by using IMP analogs that IMP 
binds to the enzyme as a dianion, and they suggested that the 
phosphoryl group of IMP is important for both binding and catalysis. 
From enzyme product inhibition studies, it was proposed that IMP and 
aspartate could have two spatially separate binding sites on the 
enzyme (1,13). However, most of the research on adenylosuccinate 
synthetase was focused on studying the substrates and products, and 
little is known about the enzyme structure itself. Therefore, the 
relationship between the enzyme structure and its function (i.e. , the 
essential amino acid residues in the active site of the enzyme) is not 
clear. This problem arose partly because of the difficulty of 
obtaining large quantities of the purified enzyme for study. Even 
though the yield of adenylosuccinate synthetase from mammalian sources 
is not low (14), its poor solubility hinders studies of enzyme 
structure and function. It was not until recently that the our Â gene 
of E.coll. which encodes adenylosuccinate synthetase, was cloned into 
the temperature-inducible, high-copy-number plasmld vector (pM0B45) 
(4) and the overproduced adenylosuccinate synthetase, which can be 
purified to homogeneity in amounts sufficient for studying the enzyme 
structure and mechanism, became possible. Furthermore, the nucleotide 
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sequence of the nur A gene was recently determined (15), and these 
data may provide basic Information on the nature of the essential 
amino acid residues Involved In catalysis and substrate binding. 
In this paper, we report the results of chemical modification of 
lysine residues of E. coll adenylosuccinate synthetase with pyrldoxal-
5'-phosphate (FLP) and the results of the site-directed mutagenesis of 
an essential lysine residue. These results show that lysine residues 
are critical for enzyme activity In E. coll adenylosuccinate 
synthetase. Substrate protection experiments have revealed that one of 
the lysine residues (Lys^ ®^) can be totally protected by the substrate 
GTP. A mutant of adenylosuccinate synthetase obtained by changing the 
Lys1^ 0 to Ile^ O^ exhibited no enzyme activity. These experimental 
results suggest that lys^ O^ may either be In the GTP binding site or 
In some way essential for catalysis. 
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EXPERIMENTAL PROCEDURES 
Materials PLP, IMP, GTP, L-aspartate, and NaBH^  were obtained 
from Sigma Chemical Co. Trichloroacetic acid was obtained from Fisher 
Scientific Company. Trypsin from bovine pancreas was purchased from 
Boehrlnger Mannheim Blochemlcals. Nitrocellulose (hybridization, 0.45-
fm pore size) and blotting detection kits (for rabbit antibodies) were 
supplied by Amersham. Freund's complete and incomplete adjuvants were 
obtained from CalBiochem. New Zealand white rabbits (female) were 
purchased from Small Stock Inc. All other chemicals were obtained from 
commercial sources and were the highest quality available. 
Preparation of adenylosuccinate synthetase Adenylosuccinate 
synthetase was purified to homogeneity from E. coll as described 
previously (4). The purified enzyme was then dlalyzed against 50 mM 
KPi buffer (pH 7.0), containing 1 mM EDTA. The concentration of the 
enzyme was determined spectrophotometrlcally by using the Blo-Rad 
protein assay method (16), and the concentration refers to enzyme 
monomer. 
Activity Assay The activity of the enzyme was assayed at 25°C in 
20 mM Hepes buffer (pH 7.7), containing 1 mM MgCl2, 5.0 mM L-
aspartate, 150 fM IMP, and 60 /iM GTP (4). The activity was assayed by 
measuring absorbance at 280 nm accompanying the conversion of IMP to 
adenylosuccinate by using an absorption coefficient of 11.7 X 10^  
cm^ /mol (1). Activity is expressed in units (mlcromoles 
adenylosuccinate formed per minute). 
Modification of adenylosuccinate synthetase with PLP Purified 
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adenylosuccinate synthetase was Incubated with different 
concentrations of FLP at 25°C in the dark in a reaction mixture 
containing 100 mM Pipes buffer (pH 7.0). The reaction buffer was 
freshly prepared, and the stock solution of PLP (10 mM) was prepared 
in the same buffer immediately before use. The reaction was normally 
performed in foil-wrapped tubes to minimize photo-oxidation reactions. 
The reaction was initiated by adding PLP. After incubation, aliquots 
of the sample (5 /ul) were withdrawn at specific time intervals, and 
the activity was determined Immediately. For kinetic studies, the 
enzyme was incubated with the desired amount of PLP at 4°C for 
different lengths of time, and excess NaBH^  was added to the reaction 
mixture. After the reaction mixture was allowed to stand an additional 
20 mln on ice, 20-/il samples were removed and placed into the assay 
solution to check the activity. 
Substrate protection experiments Purified adenylosuccinate 
synthetase (0.78 fM) was incubated with PLP (300 juM) in the presence 
of different concentrations of substrates in a volume of 2 ml. The 
reaction buffer used was 100 mM PIPES, pH 7.0, and the reaction was 
performed in the dark at 25°C. At each time interval, a small amount 
of sample (5 /il) was taken to check the activity. 
Stolchiometrv of inactivation by PLP A 75-pg sample of the 
enzyme (1.56 nMol) was incubated in the dark at 25°C with 0.6 mM PLP 
in a 1-ml reaction mixture containing 100 mM TAPS buffer, pH 8.0, for 
30 mln. One drop of octyl alcohol was added, and the Schiff base was 
reduced by the addition of a 100-fold molar excess of NaBH^  to give a 
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final concentration of 60 mM. A control experiment was run In 
parallel, except that no PLP was added to the reaction mixture. After 
an additional 10-mln Incubation, the sample was washed with 50 mM KP^  
buffer, pH 7.0, by using an Amicon Centrlcon™ 30 microconcentrator. 
Modified lysine residues were then determined by detecting the reduced 
pyrldoxamine derivative 325 nm) spectroscoplcally (Ac325 - 9710 
M-lcm'l) (17). 
Trvptlc peptide mapping The enzyme (2.1 mg, 44 nMol) was 
incubated with 0.75 mM PLP in the absence or presence of 20 mM GTP in 
100 mM Taps (pH 8.0) for 30 min at 4°C. Then, 1 drop of octyl alcohol 
was added, and the reaction was stopped by the addition of an amount 
of solid NaBH^ , which was just enough to decolorize the reaction 
mixture. The activity of the modified enzyme was checked, and the 
solution was washed several times with 100 mM Taps buffer (pH 8.0) by 
using an Amicon Centricon™ 30 microconcentrator. The enzyme was then 
precipitated by adding 6.7% trichloroacetic acid and kept at 0°C for 2 
h. The precipitate was washed with 5% trichloroacetic acid three times 
and then with distilled water three times by using an Amicon 
Centrlcon™ 30 microconcentrator. The denatured enzyme was digested 
with 110 fig of trypsin from bovine pancreas for 12 h at 37 ®C in 0.7 
ml of 0.1 M ammonium bicarbonate and 1 mM CaCl2. The digest was 
lyophllized with water to remove the buffer, and the sample was 
dissolved in 1 ml H2O. 
Reverse-Phase HPLC separation of peptides The tryptic peptides 
were separated and purified on a reverse-phase G^g high-performance 
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liquid chromatography (HPLC) column (n Bondapak, 300 x 3.9 mm inner 
diameter). The peptides were eluted with 0.1% trifluoroacetic acid as 
the mobile phase (buffer Â) and 0.1% trifluoroacetic acid In 85% 
acetonltrile as the organic modifier (buffer B) by using a Waters 
Model 510 liquid chromatography system equipped with a Lambda Max-
Model 481 LC spectrophotometer. The gradient used was: 0-30 min, 0-50% 
B; 30-40 min, 50-100% B at a flow rate of 1.0 ml/ min. The peptides 
were visualized by measuring the absorbance at 220 nm, and the PLP-
labeled peptides were monitored by their absorbance at 325 nm or by 
fluorescence with excitation at 325 nm and emission at 410 nm (18). 
Sequence analyses The complete amino acid sequence of the 
peptides were determined by automatic Edman degradation by using the 
470A sequencer at the Protein Structure Facility, University of Iowa, 
under the direction of Dr. Alan Bergold. 
Site-directed mutagenesis A 1.9-kilobase Hind III-Bam HI fragment 
of pMS204 containing a part of the adenylosuccinate gene was ligated 
into the Hind III - Bam HI site of pUC118. The ligation mixture was 
used to transform competent TGI cells. Colonies were Isolated from LB 
plates containing 40 fig/ml ampicillin. Four colonies were chosen, and 
plasmid was isolated from each colony and digested with Bam HI and 
Hind III. A plasmid of the proper size and orientation was used for 
DNA sequencing and site-directed mutagenesis. 
The following oligonucleotides were prepared: (a) mutagenic 
oligonucleotide, dCGTGCTACTA*TATCTTCAT (this had a A-T base pair 
change that substituted a Lys at residue 140 in the wild-type 
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adenylosuccinate synthetase with a lie); (b) sequencing 
oligonucleotide, dGGAAGTTGTGATATT (this oligonucleotide primes 69 
nucleotides upstream from the first nucleotide In the mutagenic 
oligonucleotide). Sanger sequencing was performed by using the 
mutagenic oligonucleotides as primers (19). Site-directed mutagenesis 
was accomplished by the method of Nakamaye and Eckstein (20). The 
presence of the mutation was confirmed by DNA sequencing. The Hind 
III-Bam HI fragments encoding the lie mutation were cloned back into 
pMS204, and the resulting plasmlds were designated pKI140. TGI cells 
were transformed by using this mutant construct. Colonies were 
selected from LB plates containing chloramphenicol (26 /ig/ml). Plasmld 
was prepared by the method of Blrnbolm and Doly (21) from a few of the 
colonies obtained after transformation, and a colony containing a 
plasmld with the correct orientation and size (as confirmed by 
digestion with Bam HI and Hind III) was used as a source of each of 
the mutant forms of the enzyme. The mutant forms of adenylosuccinate 
synthetase were partially purified by using protocols Identical to 
those reported for the wild-type enzyme except for the phenyl-
sepharose chromatography step (4), which was deleted. 
Immunological Assays of Wlld-Tvpe and Mutant Adenylosuccinate 
Synthetase Rabbit polyclonal antibodies to E. coll adenylosuccinate 
synthetase were raised as described elsewhere (22). The IgG antibody 
was purified by using protein A-sepharose CL-4B chromatography (23). 
The mutant protein or the lysed cell extract was dissolved in the 
sample buffer according to the method of Laemmli (24). Samples were 
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boiled for 3 min and were loaded onto a 10% SDS-polyacrylamide gel. 
Protein separated by SDS-PAGE were electrophoretlcally transferred 
onto a nitrocellulose membrane by the method of Burnette (25). The 
electrophoretlc transfer was done overnight at 200 mA at 4°C. 
Immunological assays were performed with the streptavldin alkaline 
phosphatase conjugate system according to the manufacturer's 
instructions. 
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RESULTS 
A number of investigators have used PLP to probe positive sites 
on enzymes (26-29). PLP is capable of forming a Schiff base with the 
e-amino groups of lysyl residues in proteins as well as with the a-
amino function of N-terminal amino residues. Because adenylosuccinate 
synthetase uses substrates, all of which are negatively charged, it 
seemed probable that there might be one or more lysyl residues at the 
active site. It was for this reason that chemical modification of the 
enzyme with PLP was undertaken. 
Inactivation of adenylosuccinate synthetase bv PLP The results 
illustrated in Fig. 1 show that incubation of PLP with purified 
adenylosuccinate synthetase from E. coli results in inactivation of 
the enzyme as measured by monitoring enzyme activity. The enzyme 
activity decreases rapidly with the Increase in the concentration of 
PLP. When the enzyme (7.8 fM) was incubated with PLP at a 
concentration of 300 fM at 25°C for 15 min, only 18% of the original 
enzyme activity remained (Fig. 1). These results suggest that lysine 
residues and/or the «-amino group of the N-terminal enzyme glycine may 
be important for enzyme activity. 
Substrate protection and PLP Modification To determine whether 
the PLP-modified lysine(s) and the a-amino group of the N-terminal 
glycine residue are important for enzyme activity, experiments were 
done to determine whether the substrates could protect the enzyme 
against inactivation by PLP. The effects of the substrates on the 
protection of the enzyme activity against PLP inactivation are shown 
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100-4-
S  60-
Tîme (min) 
Fig 1. Inhibition of adenylosuccinate synthetase by PLP. The reaction 
mixture contained 100 mM Pipes (pH 7.0), 75 fig of the enzyme, 
and pyrldoxal phosphate at 100 (A), 200 (•), 300 (o), 400 (•) 
in a final volume of 0.20 ml. The mixture was Incubated at 
25°C in the dark. At the time shown, 5 /il of the mixture was 
taken to assay the residual activity. 
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in Fig. 2. It can be seen from Fig. 2A that the rate of inactivation 
was decreased as the concentration of GTP was increased. The activity 
of the enzyme can be completely protected when 100 X Kg levels of GTP 
were used (1). On the other hand, the other two substrates, IMP and 
aspartate, do not provide any protection against PLP-modification 
inactivation even at high concentrations of these reactants (100-fold 
Km)(Fig. 2B and 2C). These results reveal that lysine residues (or the 
(%-amino group of the N-terminal glycine residue) are protected by GTP 
and may be in, or in some way associated with, the binding site of the 
substrate. The addition of different combinations of substrates to the 
reaction mixture showed different effects on the protection of the 
enzyme against PLP inactivation (Fig. 2D). For example, the enzyme 
underwent rapid and complete inactivation (100%) when IMP and 
aspartate both at high concentrations were added together during the 
modification procedure. On the other hand, the addition of other 
combinations of substrates (GTP and aspartate or GTP and IMP, at high 
concentrations) during the modification procedure resulted in almost 
complete protection of the enzyme against PLP inactivation. These 
findings, when taken together, suggest that it is GTP that provides 
protection against enzyme inactivation by PLP. 
Stolchiometrv of PLP incorporation The stoichiometry of the 
covalent incorporation of PLP was determined by monitoring the 
absorbance at 325 nm (A«325 - 9710 M'^ cm"^ ) for e-N-(5-phospho-4-
pyridoxyl) of lysine or glycine after reduction of the PLP-modified 
enzyme with sodium borohybride. The results are summarized in Table I, 
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Fig 2. Protection of adenylosuccinate synthetase against 
inactivation by substrates. Purified adenylosuccinate 
synthetase (0.78 /iM) was incubated with PLP (300 fM) in the 
presence of different concentrations of substrates in a 
volume of 2 ml. A) 10 X Km levels of GTP (•), 100 X Km 
levels of GTP (o), no GTP (A); B) 10 X Km levels of IMP (•), 
100 X Km levels of IMP (o), no IMP (A); C) 5 X Km levels of 
aspartate (#), 100 X Km levels of aspartate (o), no 
aspartate (A); D) no substrates (A), aspartate (74 X Km 
levels) + IMP (100 X Km levels) (•), IMP (100 X Km levels) + 
GTP (100 X Km levels) (o), GTP (90 X Km levels) + aspartate 
(58 X Km levels) (•). For the details, see "Experimental 
Procedures." 
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Table I SColchlonetiy of Adenylosuccinate Synthetase Modification by 
PLP* 
Experiment Activity(X) Mol of FLF/subunit of the enzyme 
Control (no PLP) 100 
PLP 8 2.5010.32 
PLP + GTP 100 1.43±0.20 
R^eactions were performed in 1.0 ml volume reaction mixtures 
containing 100 mM Taps, pH 8.0, with 0.6 mM PLP in the dark at 25°C 
for 30 min. The detailed method for determination of the number of 
modified residues is described under "Experimental Procedures." 
In the absence of any substrate during the modification procedure, 2-3 
residues (Including lysine residues and the N-terminal glycine 
residue) per enzyme subunlt were modified by PLP. In the presence of 
GTP during exposure to PLP, however, one of the residues was protected 
against modification, concomitant with complete protection of the 
enzyme against PLP Inactivation. 
Mechanism of PLP Inactlvatlon To investigate the mechanism of 
the PLP inhibition, low concentrations of PLP (1 pM - 20 fill) and low 
incubation temperatures (4°C) were employed during the modification 
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procedures. Allquots of 20 ^ 1 of the reaction mixtures were withdrawn 
at specific time Intervals, and sodium borohybrlde was added to a 
final concentration of (1 mM) to reduce the Schiff bases formed during 
the reaction. The enzyme activity was determined as described 
previously. Fig. 3 shows that the plot of the logarithm of the 
Inactlvatlon rate of adenylosuccinate synthetase from E. coll is 
increased linearly with the incubation time, indicating that the 
inactlvatlon process of the enzyme by PLP is a pseudo-first order 
process with respect to PLP. The apparent first-order rate constant, 
Kgpp (the slope of each line) is shown as a function of PLP 
concentration in the inset of Fig. 3. The relationship between the 
Kapp and PLP concentration is hyperbolic, indicating that the 
inactlvatlon, like enzyme catalysis, occurs in such a way that a 
noncovalent enzyme«PLP intermediate is rapidly formed before the 
inactlvatlon. The dissociation constant for the intermediate at pH 8.0 
and 4°C was calculated to be 12.2 fM by fitting the data to the 
hyperbolic equation by using a nonlinear regression method (30). 
Comparative Trvpttc Mapping of the PLP-Modifted Enzvme To locate 
the PLP reactive sites and to Identify the position of the GTP-
protected residues in the enzyme, tryptic digestion of the enzyme, 
treated with PLP in the presence and absence of GTP, was preformed. 
Various peptides were resolved on a reverse-phase column and monitored 
at 325 nm for reduced Schiff base characteristic absorbance or 
fluorescence (ex: 325 nm; em: 410 nm). There were two well-resolved 
peaks, eluting at 16 and 21 min, respectively, in the HPLC profile of 
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Fig 3. First order plots for Inactivation of adenylosuccinate 
synthetase by PLP. The enzyme (2.43 uM) was treated with PLP 
at the following concentrations : 1 uM (•), 3 uM (A), 5 uM (•), 
10 uM (o), 15 uM (•) and 20 uM (o)• All incubations and assays 
were performed in 100 mM Taps (pH 8.0) at 4°C in thedark. For 
the details, see "Experimental Procedures." Inset: Dependence 
of apparent first-order rate constant on PLP concentrations. 
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the non-GTP-protected sample. One of the peaks peak 2 ,  elutlng at 21 
mln; however, was not present in the GTP-protected samples (Fig.4). 
The level of protection by GTP was greater than 90% as Judged by 325 
nm absorption as well as by the fluorescence measurement. This result 
indicates that peak 2 contains the amino acid residue protected by the 
substrate GTP. 
These findings reveal that the values of 2.5 and 1.4 residues 
modified in the absence and presence of GTP, respectively (Table I), 
are too high and that the corrected number of modified residues should 
be 2.0 (in the absence of GTP) and 1.0 (in the presence of GTP). 
Amino Acid Sequence Analysis of the GTP-Related Peptide The 
peptide fraction eluting at 21 min was further purified by 
rechromatography on the same C-18 column. This purified peptide was 
then used for its complete sequence analysis. The amino acid sequence 
of the peptide, as shown in Table II, revealed that it spans residues 
132-143 in the primary amino acid sequence of E. coli adenylosuccinate 
synthetase (132-Gly-Ile-Gly-Pro-Ala-Tyr-Glu-Asp-Lys-val-Ala-Arg-143) 
(15). There was no evidence that PLP reacted with the N-terminal 
glycine of adenylosuccinate synthetase. 
Preparation and properties of the mutant The lie-mutant enzyme 
was produced by site-directed mutagenesis and expressed in E. coll. 
The same procedure used to purify the wild-type enzyme was employed to 
prepare the mutant enzyme. The site-directed mutant enzyme showed a 
significant change in its chromatographic behavior compared with the 
wild-type enzyme. First, it eluted 10 min later than the wild-type 
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Fig 4. HPLC profile of tryptlc digests of adenylosuccinate synthetase 
modified by PLP with and without GTP protection. The reaction 
was carried out as described In "Experimental Procedures." 
PLP-labeled peptides were detected at 325 nm. A) shows non-
GTP-protected sample and B) represents GTP protected sample. 
Fluorescence profiles of the enzyme treated with PLP in the 
absence (solid line) or presence (dotted line) of GTP are 
presented in C). 
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Table II Amino acid sequence analysis of the peptide* containing the 
lysine residue protected by GTP 
Edfflan cycle amino acid yield of PTH residue no. in sequence 
(pMol) of the enzyme^  
1 Gly 4161 132 
2 lie 3947 133 
3 Gly 3628 134 
4 Pro 3610 135 
5 Ala 3860 136 
6 Tyr 3273 137 
7 Glu 2284 138 
8 Asp 2069 139 
9 Lys 47° 140 
10 Val 2246 141 
11 Ala 2111 142 
12 Arg 496 143 
®The peptide derived from peak 2 in the profile of Figure 4 and 
purified by rechromatography using C^ g reverse phase HPLC. 
T^he amino acid sequence of adenylosuccinate synthetase is deduced 
from the nucleotide sequence of the pur A gene, which encodes the 
enzyme in E. coll.(15). 
®The yield of PTH amino acid at position 9 for lysine was only 2X of 
the level of the primary sequence, and this concentration of lysine is 
suggested to be derived from underlvatized lysine. 
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enzyme in DEAE HPLC chromatography. Second, it was not able to bind to 
the phenyl-sepharose affinity column. When the partially purified 
mutant protein after DEAE HPLC was submitted to SDS-PAGE, a major 
band, which appears at the same migration distance as the wild-type 
enzyme, was observed (data not shown). These results indicate that the 
mutant protein seems to be more negatively charged than the wild-type 
enzyme and that the change in the chromatographic behavior of the 
mutant protein was not due to a change in the molecular weight. The 
expression of the mutant enzyme was further confirmed by the results 
from immunological assays of the wild-type and the mutant cell 
extracts in which positive reactions were observed at the same 
migration distance for both the wild-type and the mutant protein (data 
not shown). The activity of the mutant was examined by the usual 
activity measurement described previously (4). The assay results 
revealed that the activity of the mutant enzyme is essentially lost 
completely. 
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DISCUSSION 
Chemical modification reagents can be used successfully to 
Identify amino acid residues that are Important for enzyme activity 
provided that the following two criteria are fulfilled: First, 
chemical modification of these amino acid residues must result In a 
loss of enzyme activity. Second, this Inactlvatlon must be prevented 
by substrates or substrate analogs. The results of the present study 
demonstrate clearly that lysyl residue (Lys^ ®^) Is such a residue and 
Is directly associated with the enzyme activity of adenylosuccinate 
synthetase from E. coll. Modification of lysine residues by PLP 
caused 85% inactlvatlon. The loss of activity can be completely 
prevented by GTP, one of the substrates (Fig. 2A), concomitant with 
the protection of one lysyl residue (Lysi^ ^^ ) against PLP modification 
(Fig. 4). The evidence presented herein indicates that, under our 
experimental conditions, PLP is acting as an active-site selective 
reagent for the modification of the enzyme. 
It was reported that some anions, such as nitrate, are 
competitive with respect to GTP. The anion binding site on the enzyme 
was suggested to be the same site normally occupied by the 7-
phosphoryl group of GTP (31-34). Basic amino acid residues (such as 
lysine and arglnlne), therefore, should be logically considered to be 
good candidates for the substrate binding site. Our observation is 
consonant with this possibility. The substrate protection results 
indicate that Lys^ ®^ may be either near or in the substrate binding 
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pocket or in some other way Important for enzyme catalysis. 
There are 22 lysine residues In each subunlt of the enzyme. 
Although It Is generally accepted that polar amino acid such as lysyl 
and arglnyl residues are usually located on the surface In protein 
molecules, our chemical modification results show, however, that only 
two lysine residues have a high reactivity to the PLP reagent and that 
most of the 22 lysyl residues are Insensitive to the modification 
reagent. In addition, it has been reported that PLP can react with all 
primary amines (both «-amino groups of lysine and the amino-terminal 
alpha amino group) in a protein (26), and it is possible that one of 
the residues modified by PLP in the absence of substrates may actually 
be the N-terminal amine of the enzyme. 
The three substrates of the enzyme (IMP, GTP, and aspartate) 
showed different effects in ability to protect the enzyme against PLP 
inactlvatlon (Fig.2). In the presence of high concentrations of GTP, 
Lysl^ O was shielded (Fig.4), and the activity of the enzyme was 
completely protected against PLP inactlvatlon. In contrast to GTP, IMP 
and aspartate could not affect the PLP-Induced inhibition even at high 
concentrations of the substrates (100 X Kq). It was reported that IMP 
probably binds on the enzyme as a dianlon (13), and the negative 
charged substituent at the ^ -carbon of aspartate is also considered to 
be the enzymatically active state of this substrate (35,36); 
therefore, basic amino acid residues can be reasonably suggested as 
possible sites for substrate binding or enzyme catalysis. Our present 
results, however, ruled out the possibility of lysine residues in or 
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near IMP and aspartate binding subsltes within the active site of 
adenylosuccinate synthetase. 
In the protection experiments with combinations of IMP and 
aspartate (Fig. 2D), the activity of the PLP modified enzyme was 
completely lost when the two substrates were present together in the 
reaction mixture. These results suggest that binding of these two 
substrates to the enzyme simultaneously might result in a 
conformational change that exposes an essential lysyl residue(s) to 
the modification reagent. 
Chemical modification and site-directed mutagenesis studies show 
that Lys^ ®^ is in some way involved in maintaining the activity of 
adenylosuccinate synthetase from E. coli. It is not clear, however, 
whether this residue is directly associated with enzyme catalysis, or 
with binding of the substrate, or with maintaining the enzyme in an 
active conformational state. At any rate, it is clear from our 
findings that Lys^ ®^ is essential for the activity of the E. coll 
enzyme. 
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SECTION III: EVIDENCE FOR AN ARGININE RESIDUE AT THE SUBSTRATE 
BINDING SITE OF ESCHERICHIA COLI ADENYLOSUCCINATE 
SYNTHETASE AS STUDIED BY CHEMICAL MODIFICATION AND 
SITE-DIRECTED MUTAGENESIS 
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ABSTRACT 
Chemical modification of adenylosuccinate synthetase from 
Escherichia coll with phenylglyoxal resulted in an inhibition of 
enzyme activity with a second-order rate constant of 13.6 M'^ min"^ . 
The substrates, OTP or IMP, partially protected the enzyme against 
inactivatlon by the chemical modification. The other substrate, 
aspartate, had no such effect even at a high concentration. In the 
presence of both IMP and GTP during the modification, nearly complete 
protection of the enzyme against inactivatlon was observed. 
Stoichiometry studies with [7-^ C^] phenylglyoxal showed that only 1 
reactive arginlne residue was modified by the chemical reagent and 
that this arginlne residue could be shielded by GTP and IMP. Sequence 
analysis of tryptlc peptides indicated that Arg^ ?^ is the site of 
phenylglyoxal chemical modification. This arginlne has been changed 
to leucine by site-directed mutagenesis. The mutant enzyme (R147L} 
showed increased Mlchaells constants for IMP and GTP relative to the 
wild type system, whereas the Kg, for aspartate exhibited no 
significant change compared with the native enzyme. In addition, kcat 
of the R147L mutant decreased by a factor of 1.3x10^ . On the bases of 
these observations, it is suggested that Argl47 ig critical for enzyme 
catalysis. 
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INTRODUCTION 
Adenylosuccinate synthetase [IMF: L-aspartate llgase (GDP-
formlng) (EC 6.3.4.4)] catalyzes the reaction of the first committed 
step during novo purine biosynthesis from IMP to AMP and plays an 
Important role In the metabolism of all living systems (1). 
In spite of Its position In cellular metabolism, relatively 
little was known regarding the mechanism of the adenylosuccinate 
synthetase reaction and Its molecular mode of regulation until very 
recently. The reason for this dearth of Information Is clear from a 
cursory Investigation of the literature, which shows that extremely 
small quantities of the synthetase exist In most cells (1). In 
addition, the turnover number of the enzyme Is extremely small (2). 
It was not until recently that the pur A gene of Escherichia coll. 
which encodes adenylosuccinate synthetase, was cloned into the 
temperature-inducible, high-copy-number plasmld vector (pM0B45) (3), 
and the overproduced adenylosuccinate synthetase, which can be 
purified to homogeneity in amounts sufficient for studying the enzyme 
structure and mechanism, became possible. So far, three mechanisms 
for the enzyme reaction have been proposed, and all of them are based 
on the random Ter Ter kinetic sequential mechanism (1). The first 
mechanism regards the reaction as a one-step "concerted" reaction, 
with all the substrates participating simultaneously (4). In the 
second mechanism proposed by Lleberman (5) and Fromm (6), IMP is 
considered to be phosphorylated at the C6 position by GTP, after which 
the 6-phosphoryl-IMP intermediate undergoes nucleophllic attack by the 
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amino nitrogen of aspartate. The third mechanism suggests that an 
Intermediate is formed In which aspartate attacks the C6 of IMP, after 
which the Intermediate is phosphorylated by GTP and converted into 
products (7). Recent experiments, involving the protocol of isotope 
exchange at chemical equilibrium, demonstrated that the mechanism is, 
in fact, steady-state random with aspartate and adenylosuccinate being 
the inner substrate-product pair (8). Positional isotope scrabbling 
studies suggest that the chemical mechanism of the adenylosuccinate 
synthetase reaction Involves the Intermediate 6-phosphoryl IMP (9). 
The amino acid sequence of the enzyme has been recently deduced from 
the nucleotide sequence of the enzyme (10). There are four cysteine 
residues in the enzyme and none of them are involved in enzyme 
activity under physiological conditions (11). On the other hand, our 
recent chemical modification and site-directed mutagenesis studies on 
E. coll adenylosuccinate synthetase suggest that one of the 22 lysine 
residues (Lys^ ®^) is critical for enzyme activity and probably is 
Involved In the binding of GTP (12). 
Chemical modification is a powerful technique for identifying 
residues necessary for enzyme activity. The well-characterized 
arglnlne-resldue-modlfication reagent, phenylglyoxal, has been widely 
used In experiments to Identify functional arginlne residues (13-15). 
Because all the substrates of E. coll adenylosuccinate synthetase, 
GTP, IMP, and aspartate, are negatively charged under physiological 
conditions, it is reasonable to suggest that the positively charged 
amino acid residues such as lysine and arginlne are possible 
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functional groups In the binding of these llgands. Our recent 
experimental results have shown that a lysyl residue at position 140 
Is Important for the binding of GTP (12). In addition, It has been 
reported that the guanldlum side chain on the arglnlne residues Is 
especially well suited as a phosphoryl anion recognition site for 
nucleotide substrate binding (16-18). The chemical modification of £j. 
coll adenylosuccinate synthetase with phenylglyoxal was carried out on 
the basis of these considerations. In this paper, we report the 
results from chemical modification and site-directed mutagenesis 
experiments that show that an arglnlne residue (Argl47) ig also 
essential for enzymatic activity. 
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EXPERIMENTAL PROCEDURES 
Materials IMP^ , GTP, L-aspartate and trypsin were obtained from 
Sigma. Trichloroacetic acid was purchased from Fisher. Phenylglyoxal 
was from Aldrich, and [7-^ C^] phenylglyoxal was purchased from 
Amersham. E. coll strains XLl-Blue (recAl. gn^ Al, g%rA96, thl. hsdRl? 
(lis-I mk+), SiaiE44, relAl. lamda-, i [F', oroAB. laç^ ZAMlS, 
TnlO(tet)]) were obtained from Stratagene and our A" strains H1238 
(thr25. tonA49. arpF58. rglAl, SBfiTl, PurA54. a%gI61) were obtained 
from Dr. B. Bachmann (Genetic Center, Yale University). 
Preparation and Assay of Adenylosuccinate Synthetase 
Adenylosuccinate synthetase was purified to homogeneity from E. coli 
as previously described (3). The purified enzyme was then dialyzed 
against 50 mM KPi buffer (pH 7.0) containing 1 mM EDTA. The 
concentration of pure adenylosuccinate synthetase in solution was 
determined spectrophotometrically by using the Bio-Rad protein assay 
method (19), and the concentration refers to enzyme monomer. 
Adenylosuccinate synthetase activity was determined as described 
previously (1,3). Activity is expressed in units (micromoles of 
adenylosuccinate formed per min). 
Modification of Adenylosuccinate Synthetase with Phenvlplvoxal 
and Substrate Protection Experiments Purified adenylosuccinate 
synthetase was incubated with varying concentrations of phenylglyoxal 
at room temperature in the dark in 50 mM triethylamine (pH 8.0). The 
stock solution of phenylglyoxal was prepared in 100% ethanol. The 
final concentration of ethanol in the incubation solution was less 
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than IX, and control experiments Indicated that, under these 
conditions, the enzyme was quite stable. The reaction was initiated 
by adding phenylglyoxal. Ten-pl aliquots were withdrawn at various 
intervals, and the enzyme activities were then determined. For 
kinetic studies, the activity of the modified enzyme was expressed as 
the log of the percent activity remaining, and the data were analyzed 
by using the ENZFITTER computer program (20). 
In substrate protection experiments, purified adenylosuccinate 
synthetase (1.3 (M) was Incubated with phenylglyoxal (5 mM) in the 
presence of different concentrations of substrates in a volume of 1 
ml. The reaction was carried out in 50 mM triethylamlne (pH 8.0) at 
room temperature in the dark. At each time Interval, a 10-pl sample 
was withdrawn, and the enzyme activity was determined. A control 
experiment was carried out under identical conditions except that the 
same amount of ethanol was added to the incubation solution instead of 
phenylglyoxal. 
r7-3Aci Phenylglyoxal Incorporation Adenylosuccinate synthetase 
(431 ng, 4.5 /iM) was incubated with 6.2 mM phenylglyoxal in 50 mM 
triethylamlne (pH 8.0) in a volume of 2 ml. The incubation was carried 
out at room temperature in the dark. At each time Interval, a 150-pl 
sample was removed, the reaction was stopped by 10% (w/v) cold 
trichloroaceitc acid, and a 5-fil sample was withdrawn to check the 
enzyme activity. At the end of the experiment, all aliquots were 
carefully filtered through 2-cm-dlameter GF/C filter paper discs 
(Whatman) to remove excess reagent (21,22). The retained protein was 
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then washed 15 times with 10 ml 10% (w/v) of cold trichloroacetic acid 
and finally with 2x10 ml water. The discs were dried, and the 
radioactivities were determined in a Tm-Analytic Liquid scintillation 
Counter. Controls were carried out by spotting the same amount of 
l^ G-phenylglyoxal on the discs that were used in the modification 
experiments. The discs were then washed with cold trichloracetic acid, 
and water and the radioactivities were assayed as already described. 
Trvptic Peptide Mapping Adenylosuccinate synthetase (4.31 mg) 
was incubated with 39 mM phenylglyoxal in the absence or presence of 
substrates (8.9 mM GTP and 19.2 mM IMP) in a total volume of 3 ml. 
The reactions were carried out for 60 min at room temperature in the 
dark in 50 mM triethylamine buffer (pH 8.0). The activity of the 
modified enzyme was checked, and the reaction was stopped by adding 7 
ml of 10% cold trichloroacetic acid to the reaction mixture. The 
precipitated enzyme was washed 3 times with 5% cold trichloroacetic 
acid and finally with 95% ethanol. The denatured protein was then 
digested with 290 (ig TFCK-treated trypsin from bovine pancreas at 37"C 
for 6 hr in 2.3 ml of 0.1 M ammonium bicarbonate and 1 mM CaCl2. The 
reaction was stopped by acidifying the digest with 0.1% 
trifluoroacetic acid. After centrifugation, the clear supernatant 
fluids were taken and prepared for C-18 reverse-phase HPLC 
separations. 
HPLC Separation of Trvptic Peptides and Amino Acid Sequence 
Analvsis Initial resolution of tryptic peptides was performed by 
applying the tryptic digest to a 300 X 3.9 mm pBondapak C-18 reverse-
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phase HPLC column, which was pre-equilibrated with 0.1% 
trlfluoroacetlc acid. Peptides were eluted with 0.1% trlfluoroacetlc 
acid as the mobile phase (buffer A) and 0.1% trlfluoroacetlc acid In 
85% acetonltrlle as the organic modifier (buffer B). The gradient used 
was: 0 mln, 100% A, 0% B; 30 mln, 50% A, 50% B; 40 mln, 0% A, 100% fi; 
50 mln, 0 % A, 100% B; 70 mln, 100% A, 0% B. The flow rate was 1 
ml/mln. The peptides were monitored for absorbance at 220 nm, and the 
radioactivities In Individual fractions were determined by liquid 
scintillation counting. Fractions containing the radioactive peptides 
were pooled and rechromatographled on a Cg reverse-phase column. All 
the HPLC analysis were performed using a Waters Model 510 Liquid 
chromatography system equipped with a Lamda Max model 481 LC 
spectrophotometer and a Spectra Physics 4270 Integrator. The complete 
amino acid sequences of the peptides were determined by automatic 
Edman degradation by using the 470A sequencer at the Protein Structure 
Facility, University of Iowa, under the direction of Dr. Alan Bergold. 
Site-directed mutagenesis A 1.9-kb Hind III-Bam HI fragment of 
pMS204 containing a part of the adenylosuccinate synthetase gene was 
llgated Into the Hind III - Bam HI site of pUC118. The ligation 
mixture was used to transform competent TG-1 cells. Colonies were 
Isolated from LB plates containing 40 pg/ml amplclllln, and the 
plasmld was digested with Bam HI and Hind III. A plasmld of the 
proper size and orientation was used for DNA sequencing and site-
directed mutagenesis. 
The following oligonucleotides were prepared: (a) mutagenic 
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oligonucleotide, dTCGCCAACÂÂ^ GCÀGACCGC (this had a C-Â base pair 
change that substituted for a Arg at residue 147 In the wild-type 
adenylosuccinate synthetase with a Leu); (b) sequencing 
oligonucleotide, dGGAAGTTGTGATATT (this oligonucleotide primes 47 
nucleotides upstream from the first nucleotide In the mutagenic 
oligonucleotide). Sanger sequencing was performed by using the 
mutagenic oligonucleotides as primers (23). Site-directed mutagenesis 
was accomplished by the method of Nakamaye and Eckstein (24). The 
presence of the mutation was confirmed by DNA sequencing. The Hind 
III-Bam HI fragments encoding the Leu mutation were cloned back Into 
pMS204, and the resulting plasmlds were designated pR147L. TG-1 cells 
were transformed by using this mutant construct. Colonies were 
selected from LB plates containing chloramphenicol (25 pg/ml). 
Plasmlds were prepared by the method of Birnbolm and Doly (25) from a 
few of the colonies obtained after transformation, and a colony 
containing a plasmld with the correct orientation and size (as 
confirmed by digestion with EcoR 1 and Hind III) was used as a source 
of each of the mutant forms of the enzyme. The selected plasmld was 
used to transform E. coll strain XLl-Blue. The plasmlds Isolated 
from this strain were then used to transform E. coll purA" strain 
H1238. The mutant forms of adenylosuccinate synthetase were purified 
by using protocols identical to those reported for the wild-type 
enzyme (3) except for the Phenyl-Sepharose chromatography step in 
which the enzyme was eluted by washing the column with water Instead 
of 50 mM KPi, pH 7.0 buffer. 
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RESULTS 
Inactlvatlon of Adenylosuccinate synthetase with phenvlglvoxal 
Incubation of adenylosuccinate synthetase form E. coll with varying 
concentrations of phenylglyoxal results In a time-dependent loss of 
enzyme activity (Fig. 1). When the enzyme (1.3 fM) was Incubated with 
5 mM of phenylglyoxal at 25®C for 15 mln, only 25% of the enzyme 
activity remained, suggesting that an arglnlne residue may be 
Important for adenylosuccinate synthetase activity. The inactlvatlon 
of the enzyme with excess phenylglyoxal follows pseudo-first order 
kinetics (Fig. lA). A replot of the apparent first order rate 
constants (K') versus phenylglyoxal concentrations is linear (Fig. 
IB), indicating that the reaction order with respect to the 
concentration of phenylglyoxal obeys second-order kinetics. The 
observed rate constant for the reaction was calculated to be 1.4 X 
lO'S M'lmin'l. This kinetic result shows that a significant covalent 
phenylglyoxal-enzyme complex is formed during the inactlvatlon 
process. 
Substrate protection against phenvlglvoxal Inactlvatlon 
Substrate protection experiments were carried out to determine whether 
this inactlvatlon is due to a direct modification of an essential 
amino acid residue at the enzyme's active site or due to the 
modification of an amino acid residue remote from the active site. 
Figure 2 shows the effects of chemical modification in the presence or 
absence of different substrates. In the absence of substrates during 
the modification, the enzyme was inactivated in about 30 mln. Similar 
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Fig. 1. Inactivation of É. coli adenylosuccinate synthetase by varying 
concentrations of phenylglyoxal. A, the enzyme (1.3 uM) was 
treated with phenylglyoxal at the following concentrations; 
0.1 mM (x), 0.5 raM (•), 1 mM (o), 3 mM (•), 5 mM (+) and 7.5 
mM (•). All incubations and assays were performed in 0.2 M 
triethylamine buffer (pH 8.0) at 25°C in the dark. For the 
details, see "Experimental Procedures." B, dependence of 
apparent first-order rate constant on phenylglyoxal 
concentrations. 
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results were found when one of the substrates, aspartate, was present 
during the modification. On the other hand, GTP or IMP significantly 
protected the enzyme against phenylglyoxal modification (Fig. 2Â). In 
addition, in the presence of both GTP and IMP, the protection is 
almost complete (Fig. 2B). These results strongly suggest that the 
arglnlne resldue(s) modified by phenylglyoxal Is(are) in some way 
involved in substrate binding or catalysis. 
Stoichlometrv of [7-1^ 1 phenvlglvoxal binding to 
adenylosuccinate synthetase To establish the stolchiometry of 
phenylglyoxal binding to E. coll Adenylosuccinate synthetase, 
labeled phenylglyoxal was employed in the modification experiments. 
Studies have shown that phenylglyoxal can irreversibly bind to 
arglnlne residues of proteins with a stolchiometry of two to one (26). 
As can be seen in Table I, in the absence of substrates, about two 
moles of [7-^ C^] phenylglyoxal can be Incorporated per mole enzyme 
subunlt, indicating that one arglnlne residue was modified. The loss 
of enzyme activity correlated with the Incorporation of phenylglyoxal, 
indicating that this arglnlne residue is critical for enzyme activity 
(Fig. 3). On the other hand, in the presence of substrates IMP and 
GTP during the modification, no significant Incorporation of 
phenylglyoxal into the enzyme could be detected; however, a 13% loss 
of the activity was observed in the presence of GTP+IMP. This small 
activity loss is not thought to be significant (see Fig. 2). 
Comparative trvptlc peptide mans of phenvlglvoxal-inactivated and 
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Fig. 2. Protection of E. coli adenylosuccinate synthetase against 
inactivation by substrates. Purified adenylosuccinate 
synthetase (1.3 /iM) was incubated with phenylglyoxal (5 mM) in 
the presence or absence of different concetrations of 
substrates in a volumn of 1 ml. A, 100 x Kg, levels of GXP (o), 
100 X Kg, levels of IMP (•), 100 x Kq, levels of aspartate (•), 
no substrates (A) and enzyme alone (control) (•); B, GTP (100 
X Km levels) + IMP (100 x K^  levels) (o), GTP (100 x K^  
levels)+aspartate (100 x K^  levels) (•), aspartate (100 x K^ , 
levels) + IMP (100 x Km levels) (•), no substrates (A) and 
enzyme alone (control) (•). For details, see "Experimental 
Procedures." 
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substrate-protected adenylosuccinate synthetase A comparison of the 
tryptic peptide maps of phenylglyoxal-inactivated and substrate-
protected adenylosuccinate synthetase by reverse-phase HPLC allows one 
to identify the peptide containing the phenylglyoxal-modified arginine 
residue. As can be seen in Fig. 4, a radioactive peak appeared at 
about 9 min when the phenylglyoxal-modified adenylosuccinate 
synthetase tryptic peptides were injected into a C-18 reverse-phase 
column. This radioactive peak could not be observed in the substrate-
protected adenylosuccinate synthetase tryptic peptides. This 
radioactive fraction was further purified by using a C-8 reverse-phase 
column. The amino acid sequence of the purified peptide was then 
determined. Sequence analysis showed that the amino acid sequence of 
this peptide spans from residues 145 to 147 (Gly-Leu-Arg), in which 
Arg showed a very low yield of pheny1thiohydantoin derivative amino 
acid. Therefore, the arginine at position 147 was assumed to be the 
essential residue modified by phenylglyoxal. 
Preparation and properties of the (R147L) mutant To further 
identify the role of Arg^ ?^ the enzyme catalytic mechanism, site-
directed mutagenesis experiments were carried out. The mutant enzyme 
was expressed in E. coli strain H1238 which carries a mutation in the 
gene coding adenylosuccinate synthetase. Because H1238 expresses a 
DNA restriction/modification system, the mutant overproducing plasmid 
pMS204 isolated from TG-1 could not transform the strain directly. To 
solve this problem, we first transformed the plasmid into a 
restriction minus/modification plus E. coli strain, XLl-Blue. The 
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Table I Stolchloaetry of adenylosuccinate synthetase modification by 
[ -labeled phenylglyoxal 
Substrate % Remaining No. of PG molecules Arginine residues 
activity incorporated/subunit labeled* 
None 5.0 ± 0.2 1.720 ± 0.060 0.860 ± 0.030 
Aspartate 5.2 ± 2.0 2.020 ± 0.200 1.010 ± 0.100 
GTP 58.1 ± 14.6 0.200 ± 0.160 0.100 ± 0.080 
IMP 44.6 ± 11.5 0.130 ± 0.070 0.065 ± 0,035 
GTP + IMP 86.6 ± 6.6 0.150 ± 0.090 0.075 ± 0.045 
c^alculated on the basis of two phenylglyoxal resldues/arglnlne 
residue modified (28). 
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Fig.3 Relation between E. coli adenylosuccinate synthetase 
inactivation and [7-^ C^] phenylglyoxal incorporation. 
Incorporation of [7-^ C^] phenylglyoxal into adenylosuccinate 
synthetase (+) was carried out as described in "Experimental 
Procedures." The activity of the modified enzyme was measured 
in the same experiment (A). 
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Fig. 4. HPLC profiles of tryptic digests of E. coli adenylosuccinate 
synthetase modified by [7-^ C^] phenylglyoxal with and without 
GTP and IMP protection. The reactions were carried out as 
described In "Experimental Procedures." Phenylglyoxal-labeled 
peptides were detected at 220 nm. A, non-substrate-protected 
sample ; B, GTP and IMP protected sample. C, radioactive 
profiles of the enzyme treated with phenylglyoxal in the 
absence (dotted line) or presence (solid line) of GTP and IMP. 
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modified plasmlds were then Isolated and used to transform E. coll 
purA" strain H1238. 
The mutant enzyme (R147L) showed a different chromatographic 
behavior compared with the wild-type enzyme. As can be seen In Fig. 
5, the wild-type enzyme can be eluted from the Phenyl-Sepharose 
affinity column when the linear gradient is about 80 mM of KPl buffer, 
pH 7.0. On the other hand, the mutant enzyme binds tightly to the 
column under this condition and can be eluted only by washing the 
column with water. The purity of R147L mutant was checked on SDS-
polyacrylamlde gel electrophoresis after the Phenyl-Sepharose 
chromatography. The mutant enzyme was purified, and both the mutant 
and wild-type enzyme showed the same migration distances on the gel 
(data not shown). 
The R147L mutant enzyme has a low activity relative to the wild-
type enzyme. The kinetic properties of the mutant enzyme were compared 
with the wild-type enzyme, and the results are summarized in Table II. 
The Kq, for GTP and IMP of the mutant enzyme increased 4 to 6-fold, 
whereas the for Asp was almost the same as that of the wild-type 
system. A very significant decrease by as much as 10^ , in IScat can be 
observed for the mutant enzyme, and this alteration was much greater 
than that of the observed valves. The IScatAm values for each 
substrate were dramatically perturbed (lO'^ -lO*^ ), indicating that 
Argl47 may be not important for substrate binding, but is critically 
Important to catalysis. 
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Table II Kinetic parameters of wild type and mutant adenylosuccinate 
synthetase from E. coll 
Protein WT R147L WT/R147L 
kcat 
K, GTP m (/M) 
K/SP (^ U) 
iScat/Km®" 
IScat/Km^ "^  (s'^ U'h 
kcat/KmAsP (s-lM-1) 
1.56x10^  
22.1  
24.3 
191 
7.05x10* 
6.39X108 
8.14x10? 
1.17 
133 
118 
115 
8.80X103 
9.90x10^  
1.00x10^  
1.30x10* 
0.18 
0 .21  
1 .66 
8.00x10* 
6.40x10* 
8.10x10^  
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DISCUSSION 
There are 28 arglnlne residues In each subunlt of the enzyme. Our 
present results show, however, that only one of arglnlne residues is 
sensitive to phenylglyoxal modification. This uniquely highly 
reactive residue is likely to be located in the active site of the 
enzyme. Replacement of Arg^ *? with leucine causes the mutant protein 
to be more hydrophobic than the wild-type enzyme. The effect of this 
change between the mutant and native enzyme can be seen very clearly 
from their different binding behaviors during phenyl-Sepharose 
affinity chromatography (Fig. 5). 
The incorporation of phenylglyoxal by Arg^ ?^ results in a 
correlative loss of enzyme activity (Fig. 3), suggesting that Arg^ ?^ 
may play a role in enzyme function. Alignment of the E. coll 
adenylosuccinate synthetase with the mouse muscle enzyme and 
Dlctvostelium dlscoideum enzyme (27) shows a high homology among these 
three enzymes. Table III shows the sequences surrounding residue 147 
E. coll and other adenylosuccinate synthetases. It is of interest 
that both Lys^ ®^ and Arg^ ?^ are conserved in the three different 
enzymes. On the other hand, none of the cysteine residues in 
adenylosuccinate synthetase are conserved, and they are not in any way 
Involved in enzyme activity under physiological conditions as we found 
in previous experiments (11). These observations provide further 
evidence that Arg^ ?^ is Important for enzyme activity. 
Additional information on the role of Arg^ ?^ in enzyme function 
is provided by the results from substrate protection experiments. As 
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can be seen In Fig. 2, among the three substrates of the enzyme 
(aspartate, IMP, and GTP), only the two nucleotide substrates showed 
significant protection against phenylglyoxal Inactivation. Almost 
complete protection can be observed if both nucleotide substrates are 
present during the modification reaction. On the other hand, the other 
substrate, aspartate, provided no protection against enzyme 
inactivation by phenylglyoxal. These observations are consistent with 
results from product-inhibition experiments that show that IMF and 
aspartate bind to the enzyme at topologically different locations 
(1,2). Replacement of arginine at position 147 of the amino acid 
sequence with leucine by site-directed mutagenesis resulted in a 
significant change in Kg, for both nucleotide substrates, but not for 
aspartate (Table II). Because Lys^ ®^ and Arg^ ?^ are relatively close 
to one another in the amino acid sequence of the enzyme, it is 
reasonable to suggest that the two nucleotide substrates bind very 
closely on the enzyme. This findings is in harmony with isotope-
scrambling experiments, which indicate that GTP and IMP react on the 
enzyme to form 6-phosphoryl IMP (9). Note that there is a dramatic 
decrease in the values of kg^ t/^  for all three substrates. This 
observation suggests that Argl^ ? may play a more Important role in 
catalysis than in substrate binding. 
The mechanism for the enzyme reaction proposed by Lieberman (5) 
and Fromm (6) suggests that there is a direct transfer of the 
phosphoryl group from GTP to IMP to form 6-phosphorylated IMP, after 
which a nucleophlllc attack by aspartate N occurs at C6 of the purine. 
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Fig. 5. Elution profiles of phenyl-sepharose chromatography of wild 
type and mutant adenylosuccinate synthetase. A 1.5 X 35 cm 
column of phenyl-sepharose was equilibrated with 150 mM KPi 
buffer (pH 7.0) containing 1 mM EDTÂ and ImM 
mercaptoethanol. The column was loaded with either wild-type 
enzyme or mutant enzyme and washed with about 80 ml of the 
same buffer. The enzyme was then eluted from this column by a 
500-ml linear gradient from 150 - 0 mM KPi buffer, and 6.3-ml 
fractions were collected. The dotted and solid lines represent 
wild-type (....) and mutant ( ) enzyme absorbance at 280 
nm, respectively. The chaindashed line ( ) represnts the 
concentration of KPi. 
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The results presented In this paper are consistent with this 
mechanism. It Is likely that a local conformational change may result 
from the Interaction of GTP and IMP that brings about the movement of 
enzyme bound aspartate to the nucleotide binding site. Confirmation of 
this suggestion awaits further investigation. 
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Table III Comparison of sequences surrounding residue 147 In E. 
coll and other adenylosuccinate synthetases 
Emzyme^  Residues'' 
140 147 
EGAS 
MMAS 
DBAS 
G I G P A Y E D K V A R R G L R 
G I G P T Y S S K A A R T G L R 
G I G P G Y S S K A S R G G L R 
V G 
I C 
V C 
D L 
D L 
D L 
aECAS, E. coll adenylosuccinate synthetase (10); MMAS, mouse muscle 
adenylosuccinate synthetase (F. B. Rudolph, Rice University, personal 
communication); DDAS, Dlctvostellum dlscoideum adenylosuccinate 
synthetase (27). 
bThe positions of the amino acid residues aligned in the table are 
E.coli enzyme, residues 132-151; mouse muscle enzyme, residues 166-
185; D. Dlscoideum enzyme, reisdues 135-154. Highly conserved residues 
are boxed by the solid line. 
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GENERAL SUMMARY 
This dissertation has investigated the active site of 
adenylosuccinate synthetase from E. coll with chemical modification 
and site-directed mutagenesis. The work was focused on three kinds of 
residues in the enzyme: sulfhydryl groups, lysyl residues and arginine 
residues. 
Based on the activities of sulfhydryl groups in the enzyme to the 
thiol reagent 5,5'--dithiobis-(2-nitrobenzoic acid)(DTNB) or N-
ethylmaleimide (NEM) at different reaction conditions, the four 
cysteine residues have been divided into three classes. The Class I 
sulfhydryl group, Cys^ l^, is a surface residue which shows high 
sensitive to chemical modification. The Glass II cysteine residue 
(Cys344) seems to be in a region that is not accessible to chemical 
modification. The other two cystienes, however, are located inside the 
enzyme molecule. Our experimental results from chemical modification 
and site-directed mutagenesis provide evidences that none of the 
cysteine residues in the enzyme is essential for the activity. 
Incubation of adenylosuccinate synthetase from Escherichia coll 
with low concentrations of pyridoxal 5'-phosphate (PLP) resulted in a 
rapid loss of activity (85%), concomitant with the formation of a 
Schiff base. These results show that lysine residues are critical for 
enzyme activity in E. coll adenylosuccinate synthetase. Substrate 
protection experiments have revealed that one of the lysine residues 
(Lys^ ®^) can be totally protected by the substrate GTP. A mutant of 
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adenylosuccinate synthetase obtained by changing the Lys^ O^ to Ile^ O^ 
exhibited no enzyme activity. These experimental results suggest that 
lysl40 gay either be In the GTP binding site or In some way essential 
for catalysis. 
Chemical modification of adenylosuccinate synthetase from 
Escherichia coll with phenylglyoxal resulted in an inhibition of 
enzyme activity. The substrates, GTP or IMP, can partially protect the 
enzyme against Inactivation by the chemical modification. A complete 
protection can be observed in the presence of both IMP and GTP during 
the modification. Peptide mapping analysis Indicated that Arg^ ?^ was 
the residue modified by the chemical reagent and shielded by GTP and 
IMP. This arglnine has been changed to leucine by site-directed 
mutagenesis. The mutant enzyme (R147L) shows increased Michaelis 
constants for IMP and GTP relative to the wild type system, whereas 
the Kqi for aspartate exhibits no significant change compared with the 
native enzyme. In addition, kcat the R147L mutant decreased by a 
factor of 1.3x10^ . On the bases of these observations, it is suggested 
that Argl47 ig critical for enzyme catalysis. 
The mechanism for the enzyme reaction proposed by Lieberman 
(8) and Fromm (9) suggests that there is a direct transfer of the 
phosphoryl group from GTP to IMP to form 6-phosphorylated IMP, after 
which a nucleophlllc attack by aspartate N occurs at C6 of the purine. 
Our present results are consistent with this mechanism. It is likely 
that a local conformational change may result from the Interaction of 
GTP and IMP that brings about the movement of enzyme bound aspartate 
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to the nucleotide binding site. Confirmation of this suggestion awaits 
further investigation. 
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